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Abstract. Theexperimentalandtheoreticaldevelopmentof ioncyclotronradofrequencyheating
(ICRF)intoroidalmagnetically-confinedplasmasrecentlyculminatedwith the demonstrationof
ICRFheatingof D-Tplasmas,firstin theTokamakFusionTestReactor(TFTR)and then in the
Joint EuropeanTorus (JET). Variousheatingschemesbasedon the cyclotronresonances
betweentheplasmaionsandtheappliedICRFwaveshavebeenused,includingsecondharmonic
tritium, minoritydeuterium,minorityhelium-3,modeconversionat the D-T ion-ion hybrid
layer,andandionBernsteinwaveheating. Secondharmonictritiumheatingwasfirst shownto
be effectivein a reactor-gradeplasmain TFTR. D-minorityheatingon JET has led to the
achievementof Q= 0.22,theratioof fusionpowerproducedtoRFpowerinput,sustainedovera
few energyconfinementtimes. In this paper, some of the key building blocks in the
developmentofrf heatingofplasmasarereviewedandprospectsfor the developmentof advanced
methodsofplasmacontrolbasedontheapplicationofrf wavesarediscussed.

INTRODUCTION

The quest for providing rf heating schemes to heat magnetically confined, toroidal
D-T plasmas for reactor relevant parameters began three decades ago. Significant
progress has been made over this time by combining incremental steps in both
experiments and theory. It is important to note that at times theoretical understanding
followed experimental discovery and at other times experimental verification followed
theoretical prediction. Ultimately, a significant number of ICRF heating regimes - most
notably second harmonic tritium with and without 3He, minority deuterium, and ion-ion
hybrid mode conversion - have been explored and validated in deuterium plasmas and
recently demonstrated to be viable in the D-T regime on TFTR and JET.

WAVE COUPLING, PROPAGATION AND ABSORPTION
OVER THE CROSS-SECTION OF THE TOROIDAL PLASMA

Early experiments on the ST tokamak established coupling and heating at 2 f+ (l).
The rf waves that were launched from the inboard side of the plasma (smaller major R)
with half-turn rf current elements, propagated radially and toroidally and were absorbed
at ion resonances in the plasma. The most efficient heating was obtained with the 2 Q~
ion resonance located near the center of the plasma column. This result was not
understood at the time since the damping of the waves was much stronger than predicted
by second harmonic theory.. Subsequently, it was shown theoretically that the strong
wave darnping could be explained by minority hydrogen fimdamental ion cyclotron
damping of the fast wave (2). A small concentration of hydrogen in the plasma was
sufficient to give mode coupling to the ion Bernstein wave, causing an enhancement of
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A treatability study is underway at

Summary

the 1OO-DArea of the Hanford Site, 160 m from the
Columbia River. l%e target contaminant for the treatability test is chromate (hexavalent
chromium) in excess of 1,000 pg/L in groundwater. In Situ Redox Manipulation (ISRM) is an
innovative treatment technology that establishes reducing conditions in an aquifer to treat redox-
sensitive contaminants (e.g., hexavalent chromium, uranium, technetium, and chlorinated
solvents) in groundwater. As a side effect, an anoxic plume is formed downgradient from the
treatment zone. This report describes the results of a study on the fate of an anoxic groundwater
plume in an unconfined oxidizing aquifer with a fluctuating water table.

The objective of the study is to predict dissolved oxygen concentrations in the groundwater
near the Columbia River to assess the potential impact on aquatic organisms. The primary
concern is the impact of the discharge of anoxic groundwater on these organisms. Because
adequate time has not elapsed for sufficient monitoring since the start of the ISRM treatability
study at 100-D Area, this study uses a combination of applied laboratory experiments and
numerical modeling to predict downgradient dissolved oxygen concentrations from the site.

The intermediate-scale laboratory experiments on reoxygenation in a fluctuating water table
such as that which exists in the ISRM treatment zone showed that anoxic water can be
reoxygenated rapidly from water table fluctuations due to the entrapment of air bubbles
containing atmospheric concentrations of oxygen. These rates were much greater than oxygen
diffusion alone. The water within the zone of fluctuation was significantly reoxygenated within
one week of daily water table raising and lowering.

The numerical model incorporated a fluctuating water table induced by the Columbia River
along with air entrapment in the zone of fluctuation. The model also incorporated the effects of
the groundwater mixing with river water (bank storage) near the river’s edge. This model pre-
dicted 75 to 95 percent oxygen saturation at the river. Of those tested, air entrapment caused by
water table fluctuations had the greatest impact on the attenuation of the dissolved oxygen
concentrations discharging from the aquifer and should be reliable over a wide range of river
stage fluctuations. Mixing processes in the riverbed (within 1 m of the river bottom) will further
increase the oxygen saturation.

A newly installed well in the spring of 1999 will provide an additional downgradlent well for
water quality monitoring (including dissolved oxygen) and water table between the ISRM site
and the Columbia River fluctuations to test some of the predictions, parameters, and assumptions
in these simulations. Columbia River substrate porewater sampling tubes installed along the
river shoreline downgradlent of the ‘sitewill also provide addhional monitoring data in the future
with the predicted arrival of groundwater from the ISRM site later in 1999 and 2000.
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1.0 Introduction

This report describes the results of a study on the fate of an anoxic groundwater plume in an
unconfined oxidizing aquifer with a fluctuating water table. An innovative remediation tech-
nology, In Situ Redox Manipulation (ISRM), which establishes reducing conditions in an aquifer
to treat redox-sensitive contaminants (e.g., hexavalent chromium, uranium, technetium, and
chlorinated solvents) in groundwater, has been applied at the 1OO-DArea at the Hanford Site. A
side effect of the ISRM-established barrier is an anoxic plume that forms downgradient from the
site. A treatability study is underway at the 100 D Area ISRM site (Williams et al. 1999), 160 m
(525 ft) from the Columbia River, for the remediation of groundwater contaminated with
hexavalent chromium in excess of 1,000 @L (see Figures 1.1 and 1.2).

The objective of this study is to predict dissolved oxygen concentrations in the groundwater
near the Columbia River for assessing the potential impact on aquatic organisms. The primary
concern is the effect of the discharge of anoxic groundwater on aquatic organisms in the river.
Salmon redds have not been identified in the Columbia River downgradient of the current ERM
site (see Figure 1.2); a study has concluded that this portion of the Hanford Reach has low
potential for fall Chinook to spawn, with less than 1 percent of the area suitable habitat based on
measurements of depth, velocity, and substrate (Mueller and Geist 1998). So while the current
site does not pose any potential threat to salmon habitat, gathering this information will help
guide deployment of this remediation approach to other areas that maybe sensitive.

1.1 Treatability Study Background

This study was conducted to support the ISRM treatability test (Williams et al. 1999;
Fruchter et al. 1994, 1995, 1996, 1997) for chromate contamination in the aquifer on the west
side of 1OO-DArea (1OO-HR-3 Operable Unit) of the Hanford Site (see Figures 1.1 and 1.2).
ISRM is an innovative permeable barrier technology for treatment of redox-sensitive
groundwater contaminants. The technology involves injecting into the aquifer a chemical
reducing reagent, sodium dithionite, which reduces the naturally occurring Fe(III) in the aquifer
sediments to Fe(II). Following a short reaction period (days), the reaction products and residual
chemicals are pumped out of the aquifer, leaving behind a fixed zone of Fe(II) for treating redox-
sensitive contaminants (e.g., chromate, chlorinated solvents, uranium, and technetium) that mig-
rate through the zone. In addition to removing the redox-sensitive contaminants from the
groundwater, the Fe(II) in the treatment zone can also react with other oxidizing species in the
groundwater, notably, dissolved oxygen. In most sites considered for application of the ISRM
technology in oxidizing aquifers, the oxidizing capacity of the dissolved oxygen greatly exceeds
the Fe(II) consumed in the treatment for the target contaminant, thus primarily determining the
longevity of the reduced zone.

A 56-m (150-ft)-long ISRM zone was installed at the 1OO-DArea in 1998 (Figure 1.2) to
determine the feasibility and performance of ISRM for remediating chromate-contaminated
groundwater. The site is 160 m (525 ft) from the Columbia River. Prior to the test (and upgra-
dient of the test site), the groundwater was generally saturated with dissolved oxygen (7 to
9 mg/L at approximately 20”C). Following the test, dissolved oxygen concentrations in the wells
within the treatment zone were 0.0 mg/L. Nearby wells downgradient from the ISRM zone
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Figure 1.2. 1OO-DArea Crb+Groundwater Concentrations (I@L) for 1997



(within 27 m [100 ft]) have shown significant reductions in dissolved oxygen concentrations.
Section 2 contains a more detailed description of the ISRM site and the dissolved oxygen
monitoring results atthe test site.
\

1.2 Processes Important in Re-Oxygenation

The conceptual diagram in Figure 1.3 illustrates the processes that may be important in the
attenuation of an anoxic plume in the hydrogeologic setting of the 1OO-DArea ISRM treatability
test site. These processes include the following:

. oxygen diffusion from the vadose zone above the unconfined aquifer and the aquitard
below

● recharge of oxygenated water
G air entrapment from within the zone of the fluctuating water table
. trapped air bubbles below the water table
. creation of a mixing zone from bank storage (e.g., oxygenated river water entering the

aquifer during periods of relatively high river stage).

One of the most important factors controlling the hydrology of the unconfined aquifer of the
Hanford Site near the Columbia River (within -305 m [1000 ft]) is the large variation in river
stage from the operation of hydroelectric dams. These result in large daily, weekly, and seasonal
variations in river stage (up to 2 m daily and 4 m seasonally) for meeting power demands, flood
control, irrigation, and salmon management. Figure 1.4, a cross-section through the site to the
Columbia River, depicts the connection between the upper unconfined aquifer and the river. The
water table elevation and thickness increased by 1.5 m (5 ft), and the hydraulic gradient direction
was reversed (moving away from the river) during an extreme flood event in the spring of 1997.
Water table variations at the site during a more normal year (e.g., 1998) were +/-0.03 m (0.1 ft).

Processes within the river and in the uppermost portion of the river bottom (1 m), although
important in understandkg the ultimate concentrations aquatic organisms are exposed to, were
outside the scope of this study. These processes include mixing of discharging groundwater
within the river, turbulent mixing of river water at the bottom of the river channel, and the down-
stream flow of river water within the riverbed (Hyporheic Zone). In addition, the shallowest
river substrate porewater samplers that were installed were 1 m below the river bottom. The
results of the modeling and analysis presented here could be coupled with a river model to
quantify these processes that occur closer to the river channel.

1.3 Study Approach and Scope

With the ISRM 150-ft permeable treatment zone installed, direct measurements of dissolved
oxygen in the aquifer downgradient of the site along the path toward the Columbia River can
provide the most direct measure of attenuation of the anoxic plume. Due to the distances and
groundwater velocities (-1 ft/day) involved, the full impact of the test on the river will not occur
until late 1999 or 2000. In addition, the longevity of the ISRM zone at the site (23 +/- 6 years)
may result in impacts not seen in the initial arrival times. Therefore, we developed a predictive
model to investigate this issue at this time.
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Groundwater sampling tubes were installed in the substrate of the river downgradient of the
site for measuring the effect of the site on water quality. An additional downgradient monitoring
well will be installed between the ISRM site and the river in June 1999 to determine water
quality at distances farther downgradient from the test than the existing monitoring wells.

The objective of this study is to investigate and quantify the processes identified for
reoxygenation (Figure 1.3). The data will be inco~orated into a predictive numerical model to
determine their impact on the anoxic plume under the conditions at the site. Two areas were
identified that required additional information, the determination of trapped air bubbles below
the water table and the influence of air entrapment from a fluctuating water table. A dissolved
gas tracer test was conducted at the site to help determine the existence and amount of trapped
air bubbles in the aquifer (below the water table). Laboratory experiments were conducted to
investigate the influence of air entrapment from a fluctuating water table.

This report contains the following:

●

●

●

●

●

●

Site description and results of the current groundwater monitoring of dissolved oxygen at
the 1OO-D Area ISRM site and ffom a set of Columbia River substrate porewater
sampling tubes (Section 2)
Description and results of intermediate-scale experiments to study the mechanism of air
entrapment and subsequent reoxygenation from a fluctuating water table (Section 3)
Description and results of dissolved gas tracer tests for characterization of trapped air
bubbles below the water table (Section 4)
Development and results of numerical models used for prediction (Section 5)
Summary and conclusions (Section 6)
Cited references (Section 7).
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2.0 Site Description and Dissolved Oxygen Monitoring

The specific locations of the 1OO-DArea ISRM treatability test site and surveyed wells, at
various scales, are shown in Figures 2.1 to 2.3. For this treatability study, a series of wells at the
site (see Figure 2.4) was used to inject and withdraw a chemical reagent consisting of sodium
dithionite and potassium carbonate/bicarbonate pH buffers to reduce the Fe(III) to Fe(II) in the
aquifer sediments. The Fe(II) in the aquifer sediments then treats the redox-sensitive ground-
water contaminants (e.g., chromate) migrating through this reduced zone. The six injection wells
shown in Figure 2.4 created overlapping cylindrical reduced zones approximately 56 m (150 ft)
long and 15 m (50 ft) wide to intercept a portion of the chromate-contaminated groundwater.
The site is 160 m (525 ft) from the Columbia River. The dithionite injection/withdrawal
operations were started in September 1997 and completed in July 1998.

Other wells at the site, shown in Figures 2.3 and 2.4, were installed for monitoring the per-
formance of the treatment zone and to assess its downgradient effects on groundwater chemistry.
Prior to the test, groundwater at the site had concentrations of hexavalent chromium (Cr*)
exceeding 1000 pg/L. Following the ISRM test, concentrations of Cr* were below the detection
limit (7 pg/L) in the injection wells with concentrations in the downgradient wells continuing to
drop as the treated groundwater migrates downgradient from the injection area.

To assess the impact of the ISRM treatment zone on the groundwater quality, groundwater in
the wells at the site are monitored for chromate, dissolved oxygen, pH, electrical conductivity,
anions (e.g., sulfate and nitrate), and trace metals. The farthest downgradient well from the
ISRM reduced zone is D4-6, at a distance of 27 meters (90 ft). An additional monitoring well
will be installed in June 1999 between the site and the Columbia River along the mean
groundwater flow direction (see location on Figure 2.2), 91 m (300 ft) downgradient from the
site and 73 m (240 ft) feet from the river. This well was installed specifically for monitoring
dissolved oxygen concentrations farther downgradient of the ISRM site and closer to the river.

In addition to the monitoring wells, multilevel Columbia River substrate porewater sampling
tubes (CRSPST) have also been installed along the river downgradient of the ISRM site (see
Figure 2.2 for locations) at depths 1 to 5 m below the river bottom. Water samples collected
from these tubes are analyzed for chromate, dissolved oxygen, pH, electrical conductivity, and
anions. A full description of the results of this monitoring is provided in

2.1 Hydrogeologic Setting

This section focuses on the hydrogeologic description of the

Williams et al. (1999).

site, dissolved oxygen
monitoring, and the impact on water levels at ~he site fr~m the Columbia River. The general
hydrogeologic setting of the 1OO-HR-3Operable Unit (encompassing the 1OO-D and 1OO-H
Areas) is described in Lindsey and Jaeger (1993). Characterization activities of the uppermost
unconfined aquifer performed during drilling of the wells at the ISRM site conform to the
generalized setting for the 1OO-Dand were similar to the cross-section shown in
Specifically, the unconfined aquifer at the ISRM test site is within the E-gravel
Ringold Formation. The bottom

2.1
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of the unconfined aquifer is composed of a Ringold mud unit (overbank deposits and paleosols).
Deviations in the elevation of the confining unit bounding the bottom of the unconfined aquifer
were less than two feet during the drilling of the 15 wells at the site. The elevation of the mud
unit also corresponds to the low permeability unit at the river inferred by the “no-yield” zone at a
20-ft depth for the river substrate porewater sampling tube (TD-39 shown in Figure 1.4). The
unconfined aquifer thickness at the test site is 4.6 m (15 ft) during normal river stage of the
Columbia River.

2.5



2.2 Groundwater Flow Direction

Since field activities at the ISRM treatability test site were initiated in the spring of 1997,
water levels in site monitoring wells have been routinely monitored to determine the hydraulic
“&dient, groundwater flow direction, and the variability in these parameters over the time scale
of the treatability test. Water-level measurements, along with horizontal and vertical survey data
for each well site location, were used to estimate the local hydraulic gradient and flow direction.

The estimated groundwater flow velocities shown in Figure 2.5 are based on measured
hydraulic gradients, average hydraulic conductivity of 54 ft/day obtained from hydraulic tests
conducted in site monitoring wells, and average sediment porosity of 0.14 obtained from analysis
of sediment core collected while installing monitoring wells. As indicated, groundwater
typically flows to the west-northwest at about 1 ft/day. The deviation from this typical flow
direction during the first three monitoring events (June 4, August 21, and September 8, 1997) is
associated with recovery from historically high Columbia River flows during the spring of 1997.
Water levels in the wells dropped approximately 5 ft from the time of installation (spring/
summer 1997) to the fall of 1997, resulting in a change in aquifer thickness from 20 to 15 ft.

04-6
●

● D4-11

● D4-3

+ 04-9

6/4197V = 1.9 ftfd
+ ●

D4-10

Figure 2.5. Groundwater Flow Magnitude and Direction from Water Level Measurements.
Groundwater velocity calculation assumes K = 54 ft/d and n = 0.14.

2.6



2.3 Dissolved Oxygen Monitoring

Baseline dissolved oxygen measurements at the site are shown in Figure 2.6. Although vari-
ability exists, groundwater in the standard wells at the site prior to the test can be considered
saturated (relative to atmospheric concentrations of oxygen) with an average dissolved oxygen
concentration of 8.23 mg/L and a range of 7.14 to 9.03 mg/L. Dissolved oxygen concentrations
are temperature dependent, as shown in Table 2.1. Although all sample tubing running between
the wellhead and the field trailer was insulated, some of the temperature variations may have
been caused by differences in heat gain associated with variable surface sample tubing lengths.
Temperature measurements during the baseline data shown in Figure 2.6 ranged from 17.3 to
22.6”C. During winter months, groundwater sampling temperatures range from 16 to 17°C.

Table 2.1. Volubility of Oxygen in Water

Dissolved Oxygen
Temperature Concentration

(Oc) (mg/L)
(Yellowstone Instmunents,Inc.)

15 10.2
17 9.7
20 9.2
25 I 8.4 I

The one multilevel Westbay well (D4-16) shown in Figure 2.4 had significantly lower
dissolved oxygen concentrations-that were related to the small ~olume of water-purged f~om this
well during its development (it was installed less than two months before taking the sampling
data shown in Figure 2.6). Hexavalent chromium concentrations were also low. These effects
have been noticed in groundwater samples collected from newly installed wells. Crushing and
exposing of fresh mineral surfaces during drilling creates a temporary negative Eh condition near
the wellbore, which reacts with dissolved oxygen and hexavalent chromium in the groundwater.
Elevated manganese levels have also been detected in newly installed wells at the 1OO-HArea
ISRM site. Development and purging of Westbay wells is limited due to the low volume
groundwater samplers (l-L bottles). Two additional Westbay wells (D4- 17 and D4- 18) were
installed at the site following the first dithionite injection/withdrawal test for additional
downgradient monitoring, as shown in Figures 2.3 and 2.4. Dissolved oxygen measurements
from the Westbay wells are also influenced by a small headspace in the Westbay sampler, which
contains air that biases the measurements. Dissolved oxygen measurements from the Westbay
wells are difficult to compare with dissolved oxygen measurements made from the standard
wells, which have variable-speed submersible pumps.

Figures 2.7,2.8, and 2.9 show post-emplacement dissolved oxygen concentrations at the site;
the groundwater is anoxic within the treatment zone. Dissolved oxygen concentrations in the
downgradient wells dropped significantly by September 1998 and continued to show a drop in
the December 1998 and April 1999 sampling events. D4-6, the farthest downgradient well, was
at approximately 40 percent of the average baseline concentrations by the December sampling
event and 20 percent by April 1999. Relatively high dissolved oxygen concentrations in well
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Figure 2.6. Baseline Dissolved Oxygen Concentrations at the 1OO-DArea ISRM Site

D4-4 are related to changes in groundwater flow direction. D4-4 is not directly downgradient of
the 56-m (150 ft)-wide reduced zone based on the average groundwater flow directions of the
site, although it may be influenced by some end effects (hexavalent chromium concentrations at
this well are also relatively high compared with the other downgradient wells).

2.3 Columbia River Porewater Sampling Tubes

A series of sampling tubes was installed in the substrate of the Columbia River (see Fig-
ures 2.1 and 2.2) to monitor the groundwater entering the river and determine any impact from
the test on the water quality. Four pairs of sampling tubes were installed about 300 ft apart in the
river. Each pair includes a shallow (-l-m [3-ft] depth) and a deep (-2-m [6-ft] depth) moni-
toring interval. In addition to the sampling tubes installed for the ISRM test, an existing set of
multilevel sampling tubes (TD-39, located between 0203.0 and 0303.3) is monitored as part of
this test. Details on the installation of sampling tubes are described in Peterson et al. (1998).
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F&gure 2.7. Post-Emplacement Dissolved Oxygen Concentrations at 1OO-DISRM Site,
September 3, 1998

A portable peristaltic pump is used to collect water samples from the sampling tubes.
Electrical conductivity (EC), pH, and dissolved oxygen are measured in the field using elec-
trodes during purging of the tubes. Water samples are collected for chromate and anion analysis
once the electrode values are stabilized and recorded (purge time varied from five to 15 minutes
based on length of tubing).
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Figure 2.8. Post-Emplacement Dissolved Oxygen Concentrations at the 1OO-DISRM
Site, December 17, 1998

The electrical conductivity, Cr@, and dissolved oxygen measurements from sampling of the
1OO-DArea ISRM Columbia River porewater sampling tubes are plotted in FQure 2.10. ISRM
porewater sampling tubes (Redox-0103.3, 0106.0, 0203.0, 0206.0,0303.3,0304.6, 0403.0, and
0406.0) were installed in November and December 1997, tier the D4-7 dithionite injection/
withdrawal test. Four pairs of sampling tubes were installed at four locations along the river
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April 6, 1999

downgradient from the ISRM site with two sampling depths each (the last two digits of the ID
are the sampling depths). The TD-39 sampling tubes were installed prior to the ISRM
emplacement (Peterson et al. 1998).

Water samples collected from the sampling tubes are a mixture of both river water and
groundwater. The contribution of each source to the sample is related to the river stage and
aquifer pressures at the time of sampling. Samples collected at high river stage are dominated by
river water. Because the river water and groundwater have distinct ranges of electrical conduc-
tivity (river water -150 microS/cm2 and groundwater -600 microS/cm2), the electrical conduc-
tivity can be used to distinguish the relative contribution of each (see mixing curves in Peterson
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et al. 1998; Hope and Peterson 1996). Hexavalent chromium has not been detected in the river
water. It is important to consider the electrical conductivity measurements of the samples to
establish the relative river water dilution when interpreting the hexavalent chromium measure-
ments. Concentrations of Crfi in the aquifer in this area (prior to the ISRM test) were 1.0 mg/L.
Crfi has not been detected in the water samples collected from the Columbia River at 1OO-D
Area. The field analysis method used for Cr&has a detection limit of 7 pg/L (0.007 mg/L).

Considering both the CrG+and EC, most of the variability in the measurements shown in
Figure 2.9 can be explained by river water mixing (e.g., when EC is low, Cr* is also low). No
clear trend can be deterniined from the dissolved oxygen data (i.e., DO concentration versus EC)
in this figure. Based on the data shown in Figure 2.10, mixing and dilution of river water within
the aquifer can result in concentrations ranging from O to 90 percent of the baseline (i.e., pre-
ISRM test) aquifer concentrations determined farther away (e.g., 130 m).

One tube, Redox02 at a 6-ft depth, appears to be consistently low in Cr* while maintaining
relatively high EC. The dissolved oxygen at Redox02-6 ft is also lower (on average) than other
tubes, but the recent values are within the ranges of dissolved oxygen measured in the other
tubes at other times. The trend of increasing dissolved oxygen concentration seems to suggest
that the water quality in this tube maybe influenced from its installation (e.g., negative Eh from
crushing minerals) as seen in monitoring wells after installation and without stilcient develop-
ment. Aithough Cr& concentrations in the Redox02-6 ft tube are lower than baseline aquifer
concentrations (even when accounting for river water dilution), it cannot be concluded that this
reduction in chromate is a downgradient effect of the ISRM treatability study. In addition, the
groundwater velocities required to move this distance (160 m) before the first sampling event of
this tube in December 1997 (these data are not shown on Figure 2.10 because the samples mea-
sured for EC were collected at a different times than for CrG+measurements) is outside the range
of current estimates on the travel time to the river- 1.5 to 2.5 years.

2.4 Infiuence of the Columbia River

Groundwater typically flows to the west-northwest at approximately 1 ftiday. Deviations
from this typical flow dwection occurred during the first few months following well installation
(June to September 1997) and was associated with recovery from historically high Columbia
River flows during the spring and summer of 1997 (see Figure 2.5). The initial water table at the
site (June 1997) indicated groundwater flow directions were 180 degrees away from the typical
groundwater flow direction (i.e., away from the river). Water levels in the wells dropped
approximately 5 ft from the time of well installation (spring/ summer of 1997) to the fall of 1997,
resulting in a change in aquifer thickness from 20 to 15 ft.

Pressure transducers were installed in some of the wells during the summer and fall of 1997.
Well D4-4 showed a typical daily range of fluctuation of 0.03 m (with a few 0.06-m peaks) in
response to Columbia River stage fluctuations. In the mid- 1990s, an array of wells in the 1OO-N
Area (upriver from the D-Area ISRM site, as shown in Figure 1.1) were equipped with pressure
transducers and a telemetry system to log hourly water level measurements. The system ran
continuously until 1997. Figure 2.11 shows the Columbia River stage at N-Area along with
water levels for a few wells at different distances from the river over a one-week period. For a
1.6-m change in the Columbia River, as shown in the figure, the well 25 m from the river had a
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0.6-m response. A well 75 m from the river had a 0.2-m response, and at 100 m the well had a
0.05 m response. The additional downgradient monitoring well to be installed at the 1OO-DArea
ISRM test site, as mentioned previously, will provide information on the magnitude of water
table fluctuations closer to the river than the existing wells.

The Columbia River stage for 1998 at the D-Area is shown in Figure 2.12. The river stage is
controlled by the hydroelectric dams operated along the river for power production, flood con-
trol, irrigation, and salmon habitat management. During 1998, the river stage at 1OO-DArea
ranged from a low of 115.9 m in the fall to. a high of 120.4 m in the spring, with a mean of
117.9 m. Average daily river stage fluctuations during 1998 were approximately 1.5 m with
maximum fluctuations of 2.5 m. River stage is generally highest in the spring and can vary
widely from year to year based on the magnitude of the freshet. These data (Figure 2.12) are
also provided to show the basis for selecting the river stage period used in numerical simulations
discussed in Section 5. The first quarter of 1998 was chosen for predictive modeling to provide a
conservative estimate (e.g., no extremes of fluctuation or river stage elevation).
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3.0 Fluctuating Water Table Experiments

The main objective of this work was to conduct an intermediate-scale flow ceil experiment
with a fluctuating water table to study the effect of air entrapment on dissolved oxygen (DO)
transfer and transport. A second objective was to evaluate whether the multifluid simulator
STOMP (White and Oostrom 1999) would be able to accurately simulate the observed water
movement and air entrapment as well as the measured DO concentrations. The simulator em-
ploys routines for hysteretic air entrapment and assumes equilibrium partitioning between the gas
and aqueous phases. Good agreement between measured and simulated DO concentrations
would mean that the partitioning of oxygen is an equilibrium process. However, consistent over-
predicting of measured concentrations would mean that the partitioning is rate limited, as
observed by Fry et al. (1995, 1996) and Donaldson et al. (1997, 1998) in experiments using
greater pore water velocities.

3.1 Flow-Cell Description and Instrumentation

The experiment was conducted in a Plexiglas flow cell with interxial dimensions of 30.5-cm-
long by 7-cm-wide by 90-cm-high (Figure 3. 1). A schematic of the flow cell with the locations
of the DO probes and the gamma-radiation measurements is shown in Figure 3.2. The flow cell
was packed under saturated conditions with a fine-grained 30/40 mesh sand (Unirnin Corp., Le
Sqeur, Minn., USA). The sand was obtained prewashed (with water) and presieved and has a
high chemical purity and very low organic matter content (Schroth et al. 1996). Pertinent infor-
mation on the sand properties, including saturated hydraulic conductivity and water retention
parameters, is listed in Table 3.1. The saturated hydraulic conductivity was determined in a l-m-
long column using the constant head method (Dirksen and Klute 1986). The Brooks and Corey
(1964) water retention parameters and the maximum entrapped gas saturation were obtained
using a saturation-capillary pressure cell as described by Lenhard (1992). A manometer was
connected to the bottom of the flow cell to determine the approximate location of the water table
during water-table fluctuations.

A fully automated, nondestructive, and nonintrusive dual-energy gamma radiation system
was used to determine water saturation at 39 calibrated locations. The gamma locations (GL) are
numbered 1 through 39 (Figure 3.2). The gamma system, equipped with a 280-pCi Americium
and a 100-pCi cesium source, was calibrated according to procedures outlined by Oostrom and
Dane (1990) and Oostrom et al. (1998). The calibration procedure yielded porosity and dry bulk
density values at each location. The average values are listed in Table 3.1. The low standard
deviations in these data indicate that the packing procedure resulted in a fairly homogeneous
system.

Aqueous samples for dissolved oxygen (DO) concentration measurements were obtained at
10 locations. The DO ports are labeled A–J (Figure 3.2). The ports were connected to a 12-way
distribution valve with l/16-in. OD stainless steel tubing. In addition to the 10 ports, reservoirs
with anoxic and oxygen-saturated water were also connected to the distribution value to obtain
reference concentrations. A syringe pump was used to extract 2-rnL samples from the flow cell
and the two standard solutions and inject the sample through three micro flow-through oxygen
electrodes (Microelectrodes Inc., Bedford, New Hampshire).
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F@we 3.1. Flow Cell Showing Dual-Energy Gamma (Cs, Am) System for Fluid Saturation
Measurements and Microelectrodes for Measuring Dissolved Oxygen
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N

90
Gamma Locations Oxygen Ports4

80:

70:

60:

50{
-,

●1 A=
●
●

:
●
●7
●
●

:11
●
●

J ●

404 Z23

30

20
\ :34
-1 ●

10
/

o
●

:39

Im

Jm

X (cm)

Dimensions of Flow Cell with Locations of Dual-Gamma Measurements for
Water Saturation (GL1 to GL39) and Dissolved Oxygen Sampling Ports (A to J)

The syringe pump provided a consistent flow rate through the three oxygen electrodes for
increased precision in these measurements. The oxygen electrodes were calibrated before and
after each sampling round with oxygen-saturated and anoxic water standards.
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Table 3.1. Porous Medium Properties and STOMP Input Parameters

Uniformity (d~d,,)
Sphericity
Brooks-Corey air-entry pressure head, hd (cm ~0)

Brooks-Corey 2,
Irreducible water saturation, S.
Maximum entrapped gas saturation,
Permeability (10-10m2)
Standard deviation (10-10m2)
Porosity
Bulk density (kg m-3)
Oxygen - Henry’s Law Coefficient (dimensionless)
Oxygen - Aqueous Phase Diffusion Coefficient (m’/s)
Oxygen - Gas Phase Diffision Coefficient (m’/s)
Effective Gas Phase Diffusion Coefficient (m’/s)’)
Dispersivity - Longitudinal (cm)

1.23(a)
O.-J(4

13.0

5.0
0.01
0.155

1.24
0.11
0.325
1789
30.5
2 x 10-’
2 x 10-5
5 x 10-7
0.5 cm

(a) Schroth et al. (1996)
(b) The gas-phase diffusion coefficient was reduced to account for gas-phase diffusive fluxes

in partially saturated soils where water films bridging the pore spaces can limit the gas
diffusive transfer rate (see text for discussion).

3.2 Experiment Description

At the start of the fluctuating water table experiment, the flow cell was filly saturated. The
packed flow cell was flushed upward with anoxic water until no dissolved oxygen was detected
at any of the sampling locations (approximately four pore volumes) prior to the start of the main
drainage of the experiment. During the experiment, water was extracted from and injected into
the flow cell using a Mastefflex pump with a flow rate of approximately 2 mL/min through three
connections at the bottom. The extracted water was pumped into a reservoir that was continu-
ously sparged with ultrapure nitrogen and helium gas. Oxygen-free water was pumped into the
flow cell from this reservoir. The fluctuating water table experiment consisted of six 24-hour
drainage/imbibition cycles (Figures 3.3 and 3.4). The drainage and imbibition parts each lasted
12 hours. The experiment was concluded by a seventh drainage period in which we attempted to
pump out as much water as possible. During the second drainage period, we encountered diffi-
culties with the pump for approximately two hours, during which the water table was kept at a
constant level. The pump failure is reflected by the horizontal segments in the locations of the
water table and the top of the capillary fringe in Figure 3.4.
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Anoxic Water outflow

Figure 3.3. Experimental Schematic Illustrating Water-hwel Dynamics and Oxygen
Exchange Between Aqueous and Gas Phases
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During the experiment, the gamma system continuously scanned the 39 calibrated locations
(Figure 3.2). The measurement time for each location was 60 seconds, resulting in a maximum
relative error in the obtained water saturation of 2 percent (Oostrom et al. 1995). Aqueous
samples for dissolved oxygen determinations were obtained approximately every four hours at
locations with an apparent water saturation of 1.0 (Figure 3.5). These conditions include
situations where all the air present is in entrapped form. No aqueous samples were taken at
locations with free, continuous air.

3.3 Numerical Simulations

A numerical simulation of the experiment was conducted using the hysteretic water-air mode
of the STOMP (Subsurface Transport over Multiple Phases) simulator (White and Oostrom
1999). This fully implicit, integrated finite difference code has simulated a variety of multifluid
systems (e.g., Oostrom and Lenhard 1998; Schroth et al. 1998). In this mode, the following mass
balance equations for the components water (superscript w) and air (superscript a), respectively,
are solved for movement in the aqueous (subscript 1)and gas phase (subscript g):

where

%2’(nD@’p4=-2@+v

F~=– Oiplk,Yk (VP, +pygZg) for i= w,a

Py

ill’
J;= –ZynDpySy ~D~VZ~ for i = w, a

7

(1)

(2)

(3)

(4)

and nDis the total porosity, cois the mass fraction, p is the density (ML-3),s is the saturation, F is
the advective flux (ML-~l), J is the dispersive flux (ML-~l), k, is the relative permeability, k is
the permeability (L2), ~ is the viscosity ((ML-17?), P is the pressure, g is the gravitational
acceleration (L7T2),z is the direction (L), Tis the tortuosity, M is the molecular weight (M), D is
the hydrodynamic dispersion coefficient (L~), and ~ the mole fraction. The simulator assumes
equilibrium partitioning of the air component between the aqueous and gas phases, according to
Henry’s Law:
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Previous implementations of the STOMP simulator have incorporated fully hysteretic rela-
tions to express the relative permeability-saturation-capillary pressure (k-s-P) relations for multi-
phase systems (White and Oostrom 1999). Experience has shown that this approach requires
considerable computational effort and typically limits simulations to computational grids of one
or two dimensions. The current formulation implemented in the water-air mode uses simplified
two-phase k-s-P relations, which accounts for the effects of gas entrapment but ignores pore-
geometry hysteresis and the associated complex tracking of multiple wetting and drainage scan-
ning curves. The simplified hysteretic formulation has been extensively tested for two- and
three-phase systems (Lenhard et al. 1995; Oostrom et al. 1997). The formulations follow pro-
cedures outlined by Kaluarachchi and Parker (1992), based on the fully hysteretic multifluid
model by Lenhard and Parker (1987) and Parker and Lenhard (1987). Two-phase relations
between the scaled capillary heads and apparent liquid saturations using the Brooks and Corey
(1964) expressions describe the system of phase saturations. Entrapped g& saturations are
computed as

Fg
1

(6)

where ~~t is the effective entrapped gas saturation, ~~ is the minimum effective aqueous sat-

uration, ~1 is the apparent aqueous phase saturation (~~ = ~[ + ~ti ), and ~g is the effective gas

saturation. The effective saturation S1 = (S - S,)/(1 - S,), where S is the actual saturation and Sir
is the irreducible saturation. The Land’s parameter, R

R=&–l
s gr

&and 1968), is given by

(7)

where & is the maximum effective residual gas saturation, obtained on the main imbibition
branch. For the fine-grained 30/40-mesh Accusand, a value of 0.155 has been determined for

~~ using a method described by Lenhard (1992). Compared to nonhysteretic simulations, this
saturation is the only additiomd parameter to be determined experimentally. The relative perme-
ability-saturation relations in the model are based on the on the Burdine pore size distribution
model (Burdine1953), analogous to relations based the Mualem model (Mualem 1976), as used
by Kaluarachchi and Parker (1992). Entrapped gas affects the aqueous-phase permeability by
displacing water into larger pore spaces. The studies of Kaluarachchi and Parker (1992), for
instance, have shown these effects to be relatively small and were neglected in the development
of the relative permeability functions. (Refer to White and Oostrom [1999] for an overview of
these fictions.)

In the simulation, the 90-cm-long flow cell was discretized into a one-dimensional uniform
grid using l-cm-long cells. For the gas phase, a dirichlet-type constant-pressure boundary was
prescribed at the top and a zero-flux boundary at the bottom of the domain. Oxygen concen-
trations in the inflowing gas phase at the top were set to atmospheric concentrations. For the
aqueous phase, a zero-flux boundary was used at the top and a Neumann-type boundary was
used at the bottom based on the flow rates used in the experiment. Incoming water was assumed
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to be free of air and oxygen. Most input parameters were determined independently in the lab-
oratory (Table 3.1). In the simulation, a time-step increment factor of 1.25 was used after con-
vergence. The maximum number of Newton iterations was eight, with a convergence factor of
10-6. Upwind interracial averaging was used for gas and aqueous phase relative permeabilities.
Harmonic averages were used for all other flux components.

3.4 Results and Discussion

To illustrate the effect of the water table fluctuations on water and entrapped air saturations,
measured and simulated water saturations at selected locations are shown in Figures 3.6 and 3.7.
The top four locations (from z = 71 to 48 cm) were drained during the initial drainage period
(period Dl; Figure 3.4). The locations below z = 36 cm remained fully saturated until the final
drainage period (period D7; Fig. 3-4), when we attempted to filly drain the flow cell. Altering
water saturations were observed as a result of water table fluctuations during the periods 11
through D6 at GLs 5 through 24 (GL locations are indicated in Figure 3.2).

At GL 7 (z= 71.07 cm in Figure 3.6), water saturation during the first and second imbibition
period increased from almost O to 0.84. During these periods, the top of the capillary fringe
moved above GL 7 to z = 74 cm. At those times, the porous medium at that location was appar-
ently fully saturated, indicating that the entrapped air saturation was approximately 0.16. The
term “apparent saturation” is used to indicate the sum of the water saturation plus the entrapped
air saturation (Parker and Lenhard 1987). This number corresponds well to the independently
obtained maximum entrapped saturation of 0.155 using Lenhard’s (1992) method (Table 3.1).
During the later imbibition periods, the observed saturation peaks decreased as a result of the
gradual downward shift of the maximum position of the water table (Figure 3.4). At GL 11
(z= 63.45 cm in Figure 3.6), maximum water saturations of 0.84 and entrapped air saturations of
0.16 were obtained during the first four imbibition periods. The fact that the entrapped air sat-
uration reached a constant value of 0.16 every time the porous medium became apparently fully
saturated (after a drainage period, when water saturations came close to the irreducible water
saturation) suggests that the hysteretic entrapment and release of air was a reversible process.
Similar patterns are shown for other locations in Figures 3.6 and 3.7. The water saturation max-
ima at location GL 11 decreased during the last two imbibition periods as a result of the gradual
lowering of the maximum water table positions over time (Figure 3.4). This lowering trend is
also manifested in the decreasing width of the maximum saturation plateaus over time.

The difficulties with the pump and the resulting relatively high water table minimum at the
end of the second drainage period caused the porous medium below GL 8 to remain apparently
fully saturated during that period. For this location, near-irreducible water saturations were
obtained during all other drainage periods, and maximum entrapped air saturations were obtained
during the imbibition periods. The lower the location, the less the water table fluctuations
affected the water saturation. The porous medium at GL 19 (z = 48.21 cm in Figure 3.7) only
partially drained during the first drainage period, resulting in reduced air entrapment during the
subsequent imbibition period. At GL 23 (z = 40.59 cm in Figure 3.7), reduced saturations were
only observed starting with the fourth drainage period (see annotated drainage in Figure 3.4).
Lower locations remained fully saturated during the experiment.
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The agreement between predicted and measured water saturations was generally good. In the
upper location shown, GL 7 (e.g., z = 71.07 cm in Figure 3.6), the simulator over predicted water
saturations during the later imbibition periods. An analysis showed that the predicted water
saturations during these imbibition periods are very sensitive to the Brooks and Corey (1964)
retention parameters. Because the sand used was quite uniform, indicated by the large l-para-
meter value of 5.0 (’Table 3.1), small ~discrepancies in the air-entry pressure head result in
substantial differences in the maximum water saturation during the imbibition periods. For
example, the lower observed water saturations during the last four imbibition periods for GL 7
(Figure 3.6) could be simulated more accurately using a air-entry pressure of 12.0 cm for that ,
location instead of the independently obtained value of 13.0 cm. However, it should be noted
that using different air-entry pressure-head values to more accurately simulate the water
movement in the flow cell reduces the modeling effort to mere curve fitting. The sensitivity of
the water saturations to the air-entry pressure value demonstrates that, despite considerable
efforts to pack the flow cell as uniformly as possible, it is practically impossible to achieve a
level of homogeneity so that the same air-entry pressure head value is applicable at all locations.

Height-interpolated DO concentrations for all measurement periods are shown in Figure 3.5
along with the locations of the water table and the top of the capillary fringe. This figure shows
that over time the amount of oxygen below the water table increased substantially. This becomes
more obvious when the vertical bars are compared at the end of the first six imbibition or
drainage periods. For example, at the end of the first drainage period (t = 18.75 hr), all measured
concentrations were zero; whereas at the end of the sixth drainage period (t = 138 hr), DO
concentrations from O to 80 percent were observed. The fairly rapid oxygenation of the water
below the water table was largely a result of air entrapment during the imbibition periods.
During imbibition periods, a distinct, apparently filly saturated zone developed where about
15 percent of the pore space consisted of entrapped air. During these periods, oxygen
partitioning from entrapped air into the aqueous phase continued, even when no ‘free’ air was
present. Some of this oxygen was transported downward during the subsequent drainage
periods. Without the air entrapment phenomenon, considerable DO concentrations would be
found only at relatively higher elevations, and the reoxygenation process would be slower.

The observed and simulated DO concentrations at the dissolved-oxygen ports E-J are shown
in Figure 3.8. The gaps in the measured DO concentration line at locations E and F (see top of
Figure 3.8; DO locations are indicated on Figure 3.2) are the result of the presence of free air
during some measurement periods. When free air was present, the sampling mechanism was not
able to produce a representative aqueous sample. In general at a sampling port, DO
concentrations decreased during imbibition periods, when oxygen-free water was injected in the
flow cell, and increased during drainage periods, when oxygen-rich water moved downward. At
all locations, a gradual increase of the maximum dissolved DO concentration was observed
during drainage periods. At locations E and F, where free air was present during parts of the
experiment, the concentration reached 100 percent after a few fluctuations. At locations G, H,
and I, where no free air was ever present (Figure 3.8), DO concentrations increased to 80, 60 and
18 percent, respectively, after the sixth drainage period. The last (seventh) drainage period is not
considered in this discussion because that period was not part of the fluctuating cycle. The goal
during that period was to drain the flow cell as much as possible and to observe how quickly, if
ever, fully oxygenated water would reach a sampling port. In that respect, it was surprising to
see that at locations G–I the DO concentrations never reached 100 percent before free air entered
the porous medium, although fully oxygen-saturated water was present in the system when the
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final drainage period began. It is hypothesized that some of the oxygen transported downward
partitioned back into oxygen-depleted entrapped-air bubbles, created during the previous
imbibition periods, gradually reducing the DO concentration of the downward moving water.
This process is illustrated at the bottom of Figure 3.3. A comparison of DO concentrations at the
end of the drainage period with those at the beginning of the drainage period clearly shows a
reduction in concentrations during each drainage in Figure 3-5. Calculations of the total DO
mass in the system throughout the experiment showed as much as 50 percent decrease in mass
between the start and the end of each drainage period, with no loss of DO out the bottom of the
flow cell. Even with these DO losses back to the gas phase during drainage, the system
oxygenated rapidly—just not as rapidly as would be estimated from concentrations at the end of
each imbibition period.

A comparison of the measured and simulated dissolved oxygen concentrations (Figure 3.7)
shows that they are in good agreement. The largest discrepancies were in the peak
concentrations at the bottom of the flow cell (i.e., 17.7 cm in Figure 3.7), although the two
sampling ports above and below this location both show a much better match.

Earlier model results from this experiment did not agree with the DO data as well; the earlier
results consistently overpredicted the dissolved oxygen concentrations. These results did show
that the profiles of the simulated results were similar to the data, but model results from deeper in
the flow cell matched data from higher locations (e.g., model results at location z = 40.5 cm
matched laboratory data at 48.2 cm). In addition, the simulated results predicted much higher
concentrations of dissolved oxygen at the end of the main drainage (D1) prior to any imbibition.
The experimental data (Figure 3.5 at 20 hours) showed that the water was anoxic after the main
drainage. Good agreement was achieved between model results and laboratory data by lowering
the gas-phase molecular difi%sion coefficient to a value between the molecular diffusion
coefficients of oxygen’s gas and aqueous phases (’Table 3.1) and applying the Millington and
Quirk (1960) diffusion model available in the STOMP code. The justification for this change is
that the gas phase molecular diffusion coefficient for oxygen is four orders of magnitude greater
than that for the aqueous phase. Although gas phase difi%sion is not simulated within the zone of
trapped air, it is simulated in the partially saturated zone above it. The selection of a value for a
diffusion coefficient in this partially saturated zone between the gas and aqueous phases depends
on whether there is a film of water blocking some of the pore spaces connecting the gas and thus
limiting the diffusive flux, as discussed in Nielson et al. (1984). Nielson et al. showed that
diffusion coeftlcients varied by the four orders of magnitude spanning the water and gas
diffusion rates on various soils between dry and differing amounts of water ,saturation. They also
developed a model for determining the effective molecular diffusion coefficient as a function of
the pore size distribution of the sediment and water saturation. Although these more complex
models have not been implemented in the STOMP code, adequate results were achieved by using
the simple Millington and Quirk (1960) model, which calculates the diffisive flux tortuosity as a
function of soil moisture, with a smaller gas phase diffusion coefficient.

Combined profiles for the laboratory data and model results for two selected times are shown
in Figure 3.9. The water saturation measurements were taken over an approximate one-hour
period during these times; all other data are from the end of the third drainage and imbibition
periods (D3 and 13). These plots aIso show that there was overall good agreement between the
measurements and model results. The water saturation measurements and model results both
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indicate the presence of an approximately 20-cm zone of trapped gas at the end of the imbibition
period. Because the water table and the top of capillary fringe dropped lower during D3 than
during previous drainage periods, no trapped gas was seen in the system at the end of D3.

In the profiles of Figure 3.9, the dissolved oxygen measurements indicate some oxygen
depletion within the gas phase (since the aqueous and gas phases are in equilibrium) above the
capillary fringe at the end of the drainage period and within the trapped gas at the end of the
imbibition period.

3.5 Summary and Conclusions

The hypothesis that water table fluctuations increase oxygen transfer from air to water
through enhanced exchange from entrapped air is tested in an intermediate-scale flow cell
experiment with a fluctuating water table. In the experiment, the homogeneous porous medium
was subjected to several water table fluctuations. Water saturations were measured with a dual-
energy gamma radiation system, and microelectrodes were used to measure dissolved oxygen
concentrations. The multifluid simulator STOMP was used to test whether observed DO con-
centrations could be predicted assuming equilibrium partitioning between the gas and the
aqueous phases. For the simulation, the hysteretic two-phase mode of the simulator was used.

The results show that zones with entrapped air saturations of up to 16 percent are formed
during the imbibition parts of the experiments. The entrapped air served as a source for oxygen
transfer from air into the aqueous phase. The creation of such a zone within the capillary fringe
caused considerable amounts of DO to migrate relatively deep into the flow system. Water in
the zone of fluctuation (20.cm) became significantly reoxygenated (50 to 100 percent) within six
imbibition/ drainage cycles over a one week period. The decrease in dissolved oxygen concen-
trations during drainage (relative to the previous imbibition peak) indicates that some dissolved
oxygen gained during imbibition is transferring back into oxygen-depleted entrapped air at the
bottom of the zone of entrapment.

The hysteretic air-water mode of the STOMP simulator was able to predict water, entrapped
air saturations, and dissolved oxygen concentrations reasonably well. The comparison between
experimental and numerical results demon@rates that fluctuating water table systems can be
modeled successfully where oxygen partitions between phases. Therefore, it has been demon-
strated that the most important processes involved in this phenomenon have been adequately
identiiled and quantified at this scale. This provides some confidence in the application of the
STOMP simulator using these functions in the field-scale fluctuating water table simulations
discussed in Section 5.
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4.0 Dissolved Gas Tkacer Tests

Dissolved gas tracer tests were conducted in March and April 1998 to identify and possibly
quantify the presence of trapped gas bubbles in the aquifer below the water table. Previous
studies have shown the importance of trapped gas bubbles on the transport of dissolved gases
(Fry et al. 1995, 1996; Donaldson et al. 1997, 1998). The presence of trapped gas has been
inferred from the behavior of numerous dissolved gas tracer tests (see Fry et al. 1995 for a re-
view of literature on the presence of trapped gas). While water table fluctuations induced from
the Columbia River and near pumping wells can introduce trapped gas into the upper portion of
the aquifer, the genesis of trapped gas in the deeper portions of an aquifer is not well understood.

In the presence of trapped gas bubbles, concentrations of dissolved gases are controlled by
the volume of trapped gas and the concentrations of the gas within the bubbles (see Figure 4. 1).
When the trapped gas and dissolved gas are in equilibrium, the relative concentration in each of
the phases is defined as the Henry’s Law constant for that gas (e.g., volubility). Assuming
equilibrium between the gas and aqueous phases and a gas phase uniformly distributed in the
pore space, the following equation can be, used to derive a retardation factor for the gas (in a
manner similar to that used for distribution coefficients for the transport of sorbing species):

R= l+ H* VflW (4.1)

where
R = retardation factor, ratio of groundwater velocity to dissolved gas velocity
H = dimensionless Henry’s Law constant, [mass of gas/gas phase volume/mass of
dissolved gas/water volume]
V,= volume of gas
VW=volume of water.

To use a gas tracer test for identification of the presence of trapped gas, the apparent retar-
dation of a dissolved gas is measured relative to a conservative tracer (bromide). Equation 4.1
can then be used with the Henry’s Law constant for the specific gas to determine the relative
volume of gas in the aquifer (VflW). Using a number of dissolved gas tracers with differing
Henry’s Law constants provides for a test that is sensitive to a wide range of trapped gas
volumes and for some cross-checking between results. It should be noted that this type of test
assumes that that retardation of the test gas is affected only by gas phase partitioning. Because
physical adsorption or chemical reactivity would produce a similar result, gases were chosen to
minimize those potential effects.

Two dissolved gas tracer tests were conducted at the 1OO-DArea ISRM site, a small-scale
push-pull test on a single well, and a larger well-to-well test with both an injection and an obser-
vation well. The dissolved gases used in the test and the Henry’s Law coefficient are shown in
Tables 4.1 and 4.2.

Air rotary drilling (ODEX) was used to install the wells at the ISRM site used in the
dissolved gas tracer test. Observations in existing monitoring wells during the drilling of
additional site wells indicated that the air rotary method was influencing water levels and
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dissolved oxygen concentrations at the site and potentially introduced some trapped air. It is
recommended that additional dissolved gas tracer tests be conducted in wells that were installed
at different locations with drilling methods other than air rotary (e.g., cable tool or resonant
sonic). This will help verify the results obtained from this test and provide information on
spatial variability of trapped gases at Hanford (far from the influence of the Columbia River).
Although trapped gas is important for the behavior of dissolved oxygen transport in the aquifer,
the results of these tests were not used to predict the fate of the anoxic plume. Neglecting the
presence of trapped gas would result in a conservative estimate for the pre&ctions.
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Table 4.1. Properties and Concentrations of Gases Used in Push-pull Test (3/26/98)

Henry’s Law
Gas Constant at 25°C Percent/Cylinder Pressure

Nitrous oxide (N,O) 1.6 3% (40 psi)
Neon (Ne) 91 12% (150 psi)
Nitrogen (N,) 63 85% (1110 psi)
Radon 4.4 None - radon-free water
Oxygen (O,) 31 None
Carbon dioxide (CO,) 1.2 None

Table 4.2. Properties of Concentrations of Gases Used in Large Injection Test (4/24/98)

Henry’s Law
Gas Constant at 25°C Percent/Cylinder Pressure

Nitrous oxide (N,O) 1.6 1.7% (22 psi)
Neon (Ne) 91 9.6% (125 psi)
Sulfur hexafluoride (SF,) 136 0.23% (3 psi)
Nitrogen (N,) 63 88.5% (1150 psi)
Radon 4.4 None – radon-free water
Oxygen (O,) 31 None
Cmbon dioxide (CO,) 1.2 None

4.1 Push-Pull Test

The primary objective of the push-pull dissolved gas tracer test was to test the efllcacy of a
small-scale test (compared with the larger-scale test described in Section 4.2) to characterize
trapped gases in the aquifer. A secondary objective of this test was to gain experience working
with dissolved gas tracer tests before conducting the larger-scale test. The test was conducted in
well D4-5 on March 26, 1998 (see Figure 2.3 for well location). A 500-gallon plastic tank filled
with site groundwater was used to prepare the injection solution on March 11, 1998; this two-
week period allowed any radon present in the groundwater to decay/degas. The injection
solution was sparged overnight prior to injection with the compressed gas mixture shown in
Table 4.1. Potassium bromide was also added to the injection solution for a nominal 100-ppm
Br- concentration to be used as a conservative tracer.

In the push-pull test, 450 gallons of the dissolved gas tracer were injected into the aquifer at a
rate of 3.0 gpm. Following the injection, 1281 gallons of groundwater were extracted from the
aquifer at a rate of 3.0 gpm (2.8 times the injection volume).

4.1.1 Sampling

Aqueous samples for dissolved gasmeasurements were collected in 40-mL VOA vials with
no headspace. Twenty milliliters of ultrapure nitrogen gas was added to the sample with a
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syringe through the VOA vial septum while removing 10 mL of liquid with a second syringe,
leaving a pressurized vial with a 10-mL headspace. The vial was stirred for three minutes to
equilibrate the gas and liquid in the VOA vial prior to removal of a 10 mL sample of the
headspace for analysis, as discussed below.

4.1.2 AlldySiS

Analysis for neon and nitrous oxide was performed in the mobile laboratory at the ISRM site
using an MTI field-portable capillary gas chromatography (GC) equipped with integral thermal
conductivity detectors (TCDS). The GC was equipped with two columns operated in parallel,
each with its own TCD. Neon separations were performed using a 5A molecular sieve capillary
packed column operated with argon as the carrier gas. A Poraplot Q capillary column with
helium carrier was used for nitrous oxide determination. Carbon dioxide, nitrogen, and oxygen
peak areas were also recorded with the Poraplot Q channel. This GC has been shown to exhibit a
highly linear response over a very wide dynamic range. All determinations of Ne and N,O were
done on a relative basis with samples collected from the injection tank used for normalization of
relative amounts. Radon samples were collected in 20-mL vials and returned to Oregon State
University (OSU) for analysis by liquid scintillation counting. Bromide determinations were
initially performed in the field using an ion-selective electrode. Because of concerns over poten-
tial sulfate interference, archived aliquots of the extracted samples were rerun for bromide by ion
chromatography (IC) at OSU. Only the IC data were used in the discussions that follow.

4.1.3 Results and Discussion

The push-pull test provided an excellent opportunity to refine the methodology for the
planned well-to-well test however, because of the nature of the well itself (199-D4-5), the
efficacy of this approach was limited. Loss of dissolved gas (particularly the relatively insoluble
neon) occurred in the injection stream (large-diameter pipe [1.5 in.] for 3 gpm), which cont@ed
some air space due to the low flow rates used in the test. Some loss may also have occurred in
the well bore itself, which was screened above the water table. For the same reason, mounding
during the injection may have caused additional losses to the unsaturated zone. Results of the
push-pull test are shown graphically in Figure 4.2. All results for bromide, nitrous oxide, and
neon were normalized to the average maximum concentrations measured in the injection tank.
The radon measurements were normalized to the maximum observed value at the end of the test.
These data show a very sharp injection profile for bromide and nitrous oxide, but unfortunately
neon showed considerable loss during injection. Radon-free water was injected to measure pick-
up of gas-phase radon from void space in the aquifer. The radon measurements are thus not
sensitive to injection losses. Radium, the parent of radon, is typically present at undetectable
low levels in Hanford groundwater. Figure 4.3 shows a plot of the cumulative relative
concentrations plotted as a fi.mction of extraction time relative to injection time. Bromide is
plotted both directly for comparison to nitrous oxide and as 1 minus the bromide concentration
for comparison with radon. Figure 4.3 shows very good correspondence between the non-
gaseous tracer, bromide, and the water-soluble gaseous tracer, nitrous oxide. Radon, by contrast,
exhibits a time offset of almost one hour to reach 50 percent of equilibxjum. That suggests a
substantial residence in the aquifer. Unfortunately, these data are also difficult to interpret
because of uncertainties in the relative roles of sorption on sediment versus gas phase
accumulation in unfilled pore space.
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4.2 Well-to-Well Injection Test

Twelve cylinders of compressed gas were prepared with the percentages and press~
each gas tracer, as shown in Table 4.2. A 4,000-gallon mixing tank was filled with grounl
two weeks before the test to provide time for radon to decay/degas. Sparging stone:
installed in an array along the tank bottom. The compressed gas cylinders and a heri
recirculation pump in the tank were connected to the sparging stones. Potassium bromid
were added to the water as a conservative tracer. The injection solution was sparged tl
before the injection at flow rates ranging from 5.7 to 1.25 cfm (cubic feet per minut
sparged overnight at a rate of 0.6 cfm.

Well D4-5 was used for the injection well (same as the push-pull test), and Westbay W(
17 was used as a multilevel observation well (see Figi.we2.3 for well locations). These W(
separated by 3.05 m (10 ft). Well D4-5 screened over the entire unconfined aquifer fron
98 ft bgs (below ground surface). Well D4- 17 has three discrete vertical monitoring locat
81 to 83 ft bgs (Zone 1), 87.5 to 89.5 ft bgs (Zone 2), and 95 to 96 ft bgs (Zone 3).

A pulse injection strategy was used where the gas tracer was injected first followel
larger volume of groundwater. The gas tracer mixture was injected into well D4-5 at a flc
of 40 gpm for 99 minutes (3,960 gallons total). The pulse of gas tracer was pushed
19,840 gallons of groundwater at a rate of 40 gpm for 496 additional minutes of injection.

4.2.1 Sampling

Aqueous samples for this test were collected directly into a 20-rnL syringe using a h
fitting. A 10-mL syringe with ultra high-purity nitrogen gas was connected to the water!
via a Iuer-loc coupling. The gas and water syringes were mixed together and stirred fo
minutes prior to removing the gas sample in one syringe for measurement.

Samples were collected from a sampling port with a luer-loc fitting connected to th
mersible pump installed in well D4-5. The Westbay sampler was more difficult for use w
highly insoluble gases (e.g., neon and SFd), because these gases concentrate into the smal
space in the sampler. A vacuum pump was used to establish a hard vacuum in the sam
minimize the headspace. For the Westbay well, D4-17, a Iuer-loc fitting and a 20-rnL s
were attached to the bottom of the Westbay sampler following sample collection. A s
plunger was pushed into the top of the sampler to drive the water sample into the syringe.
the discrepancies between samples measured from the submersible pump and the Westbq
the Westbay sampler was also used in well D4-5 to establish
observation well measurements to the injection concentrations.

4.2.2 Analysis

values for normalization

Field analyses were performed in a manner similar to that described in Section 4. 1.;
tially, sulfur hexafluoride measurements were also made with the MTI system on the 5A
cular sieve channel using helium carrier flow instead of argon. Under those conditio
instrument was transparent to helium, and SFf elutes very early, well in advance of
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However, sensitivity was marginal for SF, by this method so gas samples were archived in empty
VOA vials for subsequent reanalysis by GC/MS (using an HP 5971 system with a 60 m DB-1
column). Only the GC/MS results were used for the final data analysis.

4.2.3 Results of Test

Results for the three zones sampled in the well-to-well test are displayed graphically in Fig-
ures 4.4, 4.5, and 4.6, respectively. The data are plotted as a fraction of the maximum concen-
tration measured at the injection well using the Westbay sampler lowered into the well. An
average of &e three measurements taken during the injection period was used to calculate the
normalizing factor. All plots are referenced against the number of minutes elapsed since injec-
tion began. The three plots show quite different behavior, reflecting the large differences in
geologic conditions over those zones. Zone 1, the upper zone, shows significant loss of all four
tracers including bromide due to dispersion effects over the 10-hour collection period. At the
end of the collection time, bromide levels had returned to low values in Zone 1. Neon and
nitrous oxide exhibited much larger losses to the formation and a significant amount of retarda-
tion. Transit time was much more rapid in Zone 2, the middle zone, for all four species. Bro-
mide concentrations approached the fill injection level, and all four species tailed out to very
low levels within about four hours. Zone 3, the lower zone, has a relatively low permeability
with correspondingly longer transit times between wells. Observed analyte loss was large for all
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Figure 4.4. Dissolved Gas Tracer Test, Zone 1 Breakthrough Curves
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four components, with the low-volubility species disappearing altogether.
was still incomplete after 10 hours. Detectable neon appeared only in
before the test was terminated.

Recovery of bromide
the last sample taken

To define the effect of retardation better, the same data were replotted as running totals or
cumulative plots. The three cumulative plots are displayed in Figures 4.7, 4.8, and ‘4.9. To pro-
duce these plots, each data point was normalized to the time interval between measurements and
the maximum concentration measured as discussed above. Running totals were then computed
and a final renormalization performed to make the final bromide number equal to 100 percent in
each zone. Retardation factors were then computed from these plots by calculating the
50 percent crossing time for each species. The crossing times are based on a linear regression
calculation for the two or three data points spanning the 50 percent level. The results of that
calculation are presented in Table 4.3. This procedure could be used only for species that
reached 50 percent.

4.3 Discussion of Results

While the results of these tracer tests were highly variable and difficult to quantify, they
strongly suggest that the presence of trapped gas within the aquifer at this site can influence the
transport behavior of dissolved gases. Overall, the relative arrival times for the dissolved gas
tracers in these wells follow the order of Henry’s Law coefficients, with the relatively high

o 100 200 300 400 500 600
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Figure 4.7. Dissolved Gas Tracer Test, Zone 1 Cumulative Arrival Curves

4.9

Well D4-17 Westbay Zone 1- Cumulative Arrivals

--+”/o Neon
+70 SF6

——
~. i

— —-—



209’0

1070

o%

Well D4-I 7 Westbay Zone 2,- Cumulative Arrivals

—

.—————

0 100 200 300 400 500 600
Elapsed Time After Injection (minutes)

Figure 4.8. Dissolved Gas Tracer Test, Zone 2 Cumulative Arrival Curves

Well D4-17 Westbay Zone 3- Cumulative Arrivals

/
~

o

Figure 4.9.

100 200 300 400 500 600

Elapsed Time After Injection (minutes)

Dissolved Gas Tracer Test, Zone 3 Cumulative Arrival Curves

4.10



Table 4.3. Calculated Results from Well-to-Well Tracer Test

50% Crossing Time Unfilled Pore Volume
Zone/Tracer (minutes) Retardation Factor (R) Ratio (V~w)

Zone 1
Bromide 237 ~ 1
Nitrous oxide 325 1.4 0.23
Zone 2
Bromide 86 ~ 1
Nitrous oxide 108 1.3 0.16

Sulfur hexafluoride 424 4.9 0.03

Neon 532 6.2 0.06
Zone 3
Bromide 325 ~ 1

Nitrous oxide 453 1.4 0.25

solubility tracers (low H, thus low R) arriving before the more insoluble tracers (high H, high R).
The one exception to this trend was Well D4-17, Zone 2, where the SF< peak arrival was of a
higher conce~tration than neon (though occurring at the same time). ‘N,O, the gas with the
lowest H, tracked closely with Br- an~ was widel~ separated from the mor~ insolu~le neon and
SF, in all the observation zones. Estimates of the percent trapped gas varied widely based on the
gas tracers and zone (see Table 4.3), with a range of 16 to 25 percent pore space estimated for
the three zones using N,O. Zone 2 was the only one in which sufficient concentrations were
measured to enable retardation (thus trapped gas) estimates from the insoluble tracers. These
resulted in much lower estimates (3 percent using SFG;6 percent using neon) than from NaO.

Although dissolved gases are challenging to sample and analyze, the variability in these
tracer breakthrough curves for the well-to-well test are primarily due to heterogeneities in the
aquifer, as evidenced by the highly variable bromide data measured both by ion-selective probes
during the test and IC analysis on archive samples afterward. The vertical variability in bromide
arrival times measured at the three depths of the observation well indicate that the permeability
and/or porosity distribution of the aquifer at this location results in much faster velocities in the
center of the aquifer (Zone 2) and much slower velocities in the top and bottom portions (Zones
1 and 3). The Zone 1 peak arriwd times were earlier than Zone 3. The impact of these hetero-
geneities on the design of the test was that the injection rate (or duration) was too high for the
middle zone but too low (or not of sufficient duration) for resolving the breakthrough curves in
the upper and lower zones. In addition, the peak concentrations measured in Zones 1 and 3 were
significantly dampened for the tracer pulse (less than 45 and 25 percent, respectively).

The results of these dissolved gas tracer tests were judged not quantifiable and have provided
conclusive evidence of trapped gas within the aquifer. Larger volumes of gas tracers and longer
duration injections at slower rates would help reduce the sensitivity of these tests to local hetero-
geneities. These results should help guide future tests, if needed, with the choice of suitable
gases to use for tracers and the wide range of retardation factors that must be measured.
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5.0 Numerical Modeling

A numerical model of the site was developed for predicting dissolved oxygen concentrations
downgradient from the 1OO-DArea ISRM site. Two basic models were developed: a simple
model for investigating the impact of oxygen diffusion from the vadose zone above the water
table and a more complex model that also accounts for the dynamics of the fluctuating water
table. The fluctuating water table model was developed based on previous work at N-Springs by
Connelly et aI. (1997).

The three simulations discussed in the following sections are presented to help quantifi the
effects of reoxygenation of an anoxic plume from some of the processes as outlined in Fig-
ure 1.3. A simple diffusion simulation across a static water table will help to provide a conserva-
tive estimate of the mass of oxygen that can diffuse across the water table during the transport of
groundwater from the ISRM site to the river, 160 ,m downgradient. A conservative tracer
simulation was run to establish the range of concentrations discharging to the river from
mixing/dilution of river water entering and exiting the aquifer during fluctuating river stage (i.e.,
bank storage). The final simulation accounts for air entrapment and reoxygenation from a
fluctuating water table and necessarily incorporates the effects of the first two simulations
(diffusion and river water mixing from a fluctuating river stage). Based on the results of these
three simulations, the relative importance of these processes can be estimated and compared.

Not all processes shown in Figure 1.3 were incorporated into these simulations. Those not
modeled include trapped gas deep below the water table and upward oxygen diffusion from the
underlying aquitard (i.e., Ringold mud). The omission of these reoxygenation mechanisms, due
to uncertainties in the parameters, should yield a conservative estimate of the dissolved concen-
trations downgradient from the ISRM site.

These simulations used the STOMP numerical code (White and Oostrom 1999) as discussed
in Section 3. The tracer simulation needed only the water mode with solute transport
(STOMP 1). The diffision and fluctuating river stage simu~ations used the mode for water, air,
and solute transport (STOMP2). Features common to the models are described below with
specific details and results of each simulation discussed in the respective sections.

5.1 Common Model Features

5.1.1 Domain and Ftilte Difference Grid

The finite difference grid used in these simulations is shown in Figure 5.1. The simulations
are two-dimensional (x-z) cross-sections representing the unconfined aquifer in the Ringold
gravels and a portion of the vadose zone above (Figure 1.4). A 1-m width was specified in the
y-direction, parallel to the Columbia River. The bottom of the grid, at an elevation of 113.7 m,
was set at the bottom of the unconfined aquifer (top of the Ringold mud), as discussed in Sec-
tion 2.1. The left portion of the model domain represents the unconfked aquifer at the river

shoreline. The deep channel in the river near the bank at D-Area (depicted in Figure 1.4), in
which the river channel may be incised into Ringold sediments of the upper unconfined aquifer
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in this location, also justifies this simplified geometry. The exact Columbia River/upper aquifer
interface (within a few meters of the river channel), incorporating the influence of turbulent flow
and the Hyporeic zone, was not modeled. ‘

The 160-m (525-ft) length (x-direction) is the distance between the 1OO-DArea ISRM site
and the Columbia River. Although the Columbia River can still influence the water table eleva-
tion at that distance (see N-Springs example in Figure 2.10), the magnitude is small (<0.05 m on
the daily cycle) and seems to respond more to seasonal trends and extreme events than most
daily river fluctuations. Primarily, the domain was limited to this distance to minimize the
simulation times, and it should not change the results significantly.

As shown in Figure 5.1, a constant 2.5-m horizontal grid spacing was used. Grid spacing in
the vertical direction ranged from 0.2 to 0.25 m, with the finest grid spacing near the water table.
Simulations run with a O.l-m vertical grid spacing indicated that the coarser grid was adequate
and provided for shorter execution times. The final grid comprised 64 nodes in the x-direction
by 29 nodes in the z-direction (1856 nodes total).

5.1.2 Hydraulic Properties

A single homogeneous isotropic geologic unit was used for the unconfined aquifer in these
simulations representing the Ringold E gravels, as shown in Figure 1.4. Table 5.1 summarizes
the hydraulic properties specified for this unit. Hydraulic conductivity was determined through
aquifer testing at the 1OO-DArea ISRM site (see Williams et al. 1999). The porosity was deter-
mined from the physical property measurements on six sediment samples collected during
installation of wells at the ISRM site.

In situ unsaturated hydraulic properties of Ringold gravels are not well characterized or
documented. A Brooks-Corey function with air entrapment was used to model the unsaturated
zone. Published parameters of van Genuchten characteristic curves for Hanford and Ringold
gravels (Rockhold 1993) measured on core samples were consulted to estimate the ranges in
these parameters for local sediments (i.e., for deriving air entry pressure and lambda), but the
saturated hydraulic conductivity values published with these data were substantially different
than field measurements. The values for the Brooks-Corey function were also derived from
laboratory soil moisture measurements of Ringold sediments (i.e., gas residual saturation) and

Table 5.1. Hydraulic Properties Used in 1OO-DArea Simulations

Parameter Value Units

Hydraulic Conductivity (Kx) 54 feetfday
Anisotropy (Kz/Kx) 0.1
Porosity 0.14
Specific Storage 1.OE-6 m-’
Brooks/Corey (psi) 18 cm
Brooks/Corey (lambda) 2
Gas Residual Saturation 0.15
Residual Water Saturation 0.02
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the resulting simulated water saturations. The Burdine relative permeability fimction was used
for aqueous and gas relative permeabilities in the unsaturated zone, as described in Section 3.

5.1.3 Transport Parameters

These simulations use STOMP2, which simulates transport of both a water and air phase.
Because air is mostly nitrogen (78 percent nitrogen, 21 percent oxygen), an oxygen solute was
used that partitions into the aqueous and gas phases. Transport parameters used in the
simulations are summarized in Table 5.2. Parameters for oxygen were taken from Donaldson et
al. (1997) and Fry et al. (1995) at 20°C. Oxygen concentrations in air were set to 261 g/m3,
which results in a saturated dissolved oxygen concentration of 8.6 mg/L at 1 atm and 20°C using
the Henry’s Law coefficient for oxygen shown in Table 5.2.

The gas-phase molecular diffusion coefilcient for oxygen selected for these simulations was
the standard published gas phase value shown in Table 5.2 with the Millington and Quirk (1960)
function for diffusion tortuosity in the STOMP code. Although a lower value was required for
modeling the intermediate scale water table fluctuation experiment discussed in Section 3, this
modification was to correct for predictions at a scale less than the 20-cm grid spacing used in
these simulations.

Additional laboratory studies were conducted with a sieved portion of Ringold gravels col-
lected from cores from the site in a fluctuating water table experiment (as described for the sand
in Section 3). The dissolved oxygen measurements from this test were similar to the results of
the sand tests discussed previously. This poorly sorted sediment made it difllcult to achieve a
uniform packing within the flow cell, resulting in heterogeneities. These heterogeneities make
the interpretation of the experimental results less clear. Gamma measurements of water satura-
tion during the Ringold test resulted in a wide range of entrapped air-from 20 to 40 percent.
Porosity measurements of the flow cell packed with the Ringold sediments ranged from 10 to
24 percent. The average porosity determined from six core samples for the entire core was
14 percent (with a range from 5 to 18 percent). Because the large size fraction (9 mm) of the

Table 5.2. Transport Parameters Used in 1OO-DArea ISRM Simulations

Parameter I Value I Units

Longitudinal dispersivity 0.2 m

Transverse dispersivity 0.02 m
Oxygerx Henry’s Law 30.5 Dimensionless
coeftlcient (gas mass/gas volume)/

(dissolved gas mass/water
volume)

Oxygen: Aqueous-phase 2.0 x 10-’ cm2/s
molecular diffusion
coefficient
Oxygen: gas-phase 2.0 x 10-5 cm2/s
molecular diffusion
coeftlcient
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sediment was not used in the flow cell, which made up as muchs 60 percent of the total sediment
samples, the average air entrapment percent measured during the test was reduced to 15 percent
in these simulations to account for these larger particles (i.e., gas residual saturation O.15).

Concentrations of oxygen within the gas of the vadose zone were set to atmospheric values
based upon soil gas monitoring conducted at the 1OO-DArea ISRM site. Well D4-18 had a soil
gas monitoring tube installed during drilling at a depth of 74.5 ft below ground surface
(approximately 5 ft above the average water table). Analysis of gas samples collected from this
tube showed atmospheric concentrations. The analysis methods and equipment used in the
dissolved gas tracer test (discussed in Section 4 above) were used to measure these soil gas
samples for COZand Oz.

5.1.4 Boundary Conditions

Boundaries on the bottom and sides (y-direction) of the finite difference grid shown in Fig-
ure 5.1 were set to “no flow” for water or oxygen. The no-flow boundary on the sides represents
a zone of infinite width parallel to the river (i.e., no oxygen fluxes are permitted from the sides).
The bottom no-flow boundary ignores any upward movement of water into the unconfined
aquifer from the Ringold mud below. This condkion provides a conservative estimate for the
predictions in these simulations given the uncertainty in the upward groundwater flow through
the aquitard in this area.

For the upper boundary, gas pressures and oxygen concentrations were set to l-atm values.
A 2-rnm/yr recharge rate was also specified along the upper boundrny. A relatively low value
for recharge (approximately an order of magnitude less than estimated values for the area) (see
Fayer and Walters 1995) provides for conservative simulation results without adding more
complexity and uncertainty.

The most complex portion of these simulations is the left boundary, representing the aquifer
at the Columbia River shoreline. Figure 2.12 shows hourly Columbia River stage measurements
made in the D-Area (at the pump house near the ISRM site) during 1998. To incorporate some
natural complexity into the model, hourly river levels from the first quarter of 1998 were used to
specify the water table elevations in the fluctuating water table simulations. This 90-day river
stage cycle was then repeated for the duration of the simulation. This time period was selected
because it included a wide range of daily and weekly cycles without being an extreme case in
range and elevation. River levels are highly dependent on operation of the dams. Spring levels
are generally the highest of the year, from flooding (see Figure 2. 12b), and the average river
stage drops during the summer. River stage is the lowest in the fall and has a wide daily range.
Thus the results of the simulations from a more “normal” period would not make long-term
predication dependent on extreme events and are easier to implement numerically. The mean
river stage during the first quarter of 1998 was 118.1 m. This value was used to maintain a
constant river level for the diffusion-only simulation with a static water table.

Water entering the aquifer from the left boundary (when the river level is high relative to the
aquifer) is saturated with dissolved oxygen. Above the water table on the left boundary, the gas
pressures and oxygen concentrations were set to atmospheric values.
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On the right boundzuy, representing the ISRM site, a dirichlet boundary condition was
imposed, resulting in a constant water table elevation of 118.4 m (from measurements of wells at
the ISRM site on January 28, 1998). Although the water table at the site does vary, particularly
during the spring and summer of 1997 when water levels at the site were up to 1.5 m higher from
the flooding in the Columbia River, hourly water table fluctuations were small for most typical
periods. In addition, hourly water level data were not available for the site during the simulation
period of interest. For most of the simulations, water entering the system from the right
boundary is anoxic (Omg/L dissolved oxygen), representing the dissolved oxygen concentrations
immediately downgradient of the ISRM site. Above the water table on the right boundary, the
gas pressures and oxygen concentrations were set to atmospheric values.

5.1.5 Initial Conditions

Before these simulations began, the entire system was initially saturated and then slowly
drained. During the initial saturation period, oxygen- and air-saturated water was flushed
upward through the aquifer to achieve uniform concentrations. The system was drained to 0.2 m
below the starting water table value and then raised to the required level. A static water level
was then maintained for a period of seven years to achieve quasi-steady state conditions for the
water saturations in the vadose zone. The air and aqueous pressure boundary conditions were
applied to the top and sides of the model domain during this seven-year period to allow gas
pressures to equilibrate.

5.2 Oxygen Diffusion Across A Static Water Table

The purpose of this simulation is to quantify the diffusive fluxes of dissolved oxygen into the
anoxic aquifer across a static water table from the vadose zone above, as shown in the conceptual
diagram in Figure 1.3. The water table on the right boundary (i.e., ISRM site) was held constant
at an elevation of 118.4 m (measured at the site in January 1998). The water table elevation at
the left boundary (i.e., river) was held constant at 118.1 m, the mean Columbia River stage
measured at 1OO-DArea during the first quarter of 1998. This hydraulic gradient results in a
porewater velocity of 0.23 xrdday(0.74 ftiday) for the 4.6-m (15-ft) average aquifer thickness.

For initial conditions, the entire system was set to dissolved oxygen saturation (8.6 mg/L).
At the start of the simulation, water entering the system from the right boundary was anoxic
(Omg/L DO). Figure 5.2 shows the development of the anoxic plume as it migrates toward the
left river boundary. This shows that by thee years the anoxic plume has reached the riveu then
only relatively small changes occur in dissolved oxygen concentrations during the next 22 years.
After 25 years, water entering the system from the right boundary was set back to dissolved
oxygen saturation, as shown in Figure 5.3 representing the average longevity estimated for the
reducing conditions for the 1OO-DArea ISRM site. The aquifer had returned to mostly oxic
conditions within another three years. The slow reoxygenation shown in Figure 5.3 near the
water table is due to trapped air bubbles in this zone that have been depleted in oxygen. Al-
though the water table was static in these simulations, some air entrapment occurred from the
establishment of the initial water table conditions and soil moisture profile, as discussed in
Section 5.1.4. This trapped gas remained for the entire simulation and was included to provide
comparable results for the fluctuating water table simulations.
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Dissolved oxygen fluxes in the simulation are summarized in Figure 5.4. This figure plots
the oxygen fluxes at various vertical planes in the aquifer along the cross-sectional model. Fig-
ure 5.4 also includes the oxygen flux across a horizontal plane at the top of the aquifer. The
dissolved oxygen fluxes are a product of the groundwater flux for the aquifer and the dissolved
oxygen concentrations. These data were normalized to tie oxygen flux at the river under satu-
rated dissolved oxygen concentrations. The oxygen fluxes for the first six years of the simula-
tion, including the initial development of the anoxic plume, are shown in Figure 5.4a. The
dissolved oxygen fluxes drop first at distances closest to the ISRM site (160 m). At the river
boundary, dissolved oxygen fluxes dropped rapidly between the second and third year to less
than 30 percent of the saturated values and then decreased much more slowly to 20 percent
saturation after six years. The oxygen flux at the top of the aquifer, representing the oxygen
mass diffusing into the aquifer from above the water table, matches the flux of dissolved oxygen
to the river by six years.

Figure 5.4b shows the oxygen fluxes for the final six years of simulation time when oxy-
genated water was reintroduced into the system at 25 years. The recove~ again illustrates that
oxygen concentrations are mostly recovered at the river boundary after three years to 90 percent
saturation. The oxygen fluxes at the top of the aquifer show a negative flux (out of the aquifer),
which is driven out of the aquifer by the lower oxygen concentrations above the water table in
the lower portion of the vadose zone.

An additional diffusive flux of oxygen is expected from the Ringold mud unit aquitard below
the unconfined aquifer. This flux was not accounted for in the simulations due to the uncertain-
ties in hydraulic properties and the water flux from this layer. For very low permeabilities and
fluxes, the long-term diffusive flux from this unit may be negligible once the oxygen is depleted
in the upper portion. Results from this simulation are very conservative and should be inter-
preted as the minimum predicted oxygen flux to the river because they neglect oxygen flux from
below, mixing of river water within the aquifer, and reoxygenation in a fluctuating water table.

5.3 Behavior of a Tracer in a Fluctuating Water Table

Simulations were conducted for a conservative, nonreacting tracer that is released at the right
boundary (ERM site) to investigate the effects of dilution and mixing of the tracer as it migrates
downgradient from the ISRM site and discharges into the river. This process is shown in the
conceptual diagram in Figure 1.3. As mentioned previously for the fluctuating water table simu-
lations, pressures on the left boundary (i.e., river) were specified hourly and taken from the
Columbia River stage measured at 1OO-DArea during the first quarter of 1998 (Figure 2.12a).
This 90-day cycle was repeated for the duration of the simulation. Tracer behavior would be
similar to chromate niigrating from this distance to the river prior to the installation of the ISRM
barrier.

5.3.1 Simulated Water Table Response

The hydraulic head results for the simulation at selected distances from the river bounday
are shown in Figure 5.5 for the second 90-day cycle. These data show that simulated hydraulic
heads within a 25-m distance respond rapidly to hourly river-stage changes, although the magni-
tude of the response is damped. The water table 50m from the river still responds to most daily
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fluctuations in river stage. Distances of 75 m or greater respond to longer-term changes in the
average daily high or low river stages. No changes occurred at the 160-m distance because the
hydraulic heads were held constant at the right boundary.

While there are no wells close to the river at the 1OO-DArea ISRM site for validating or
calibrating these simulation results, data from the N-Springs well network (as discussed in
Section 2) can be used to determine whether the results are within the bounds of measured water
level responses along the Hanford Reach. The hydrogeology of the unconfined aquifer at N-
springs is different than that at D-Area. The upper aquifer at N-Springs is in the more permeable
Hanford Formation gravels rather than the less permeable Ringold Formation gravels between
the river and the 1OO-DArea ISRM site. Given the availability and variability of these data,
selecting periods with the same water stage fluctuations for comparison was not possible. The
responses are also complicated by the influence of earlier river stage changes on the water table
response. With these qualifications, comparing the simulated water elevations for a four-week
period (Figure 5.6) with the water level measurements in Figure 5.7 shows that overall the
magnitude of water table responses in the simulations was less than those measured at N-Springs
for a similar range in river stage. For a 1.2-m daily river stage fluctuation at a 25-m distance, the
D-Area simulations showed an approximate 0.3-m change in water table elevation (around day
20); measured changes at N-Springs were about 0.4 to 0.5 m. Seventy-five meters from the
river, the N-Springs data still respond to the daily river fluctuation with a magnitude of up to
0.2 m for daily river stage fluctuations from 1 to 1.4 m. The simulated hydraulic heads at the
75-m distance were less responsive than the N-Springs wells to most daily water level changes
and of smaller magnitude. Both the N-Springs wells and simulated hydraulic heads at a distance
of 100 m show only a small delayed response to most daily river stage changes. These
differences between the simulated results and N-Area water level responses are expected due to
the higher permeability of the N-Area aquifer.

5.3.2 Groundwater Fluxes

Groundwater fluxes at various vertical planes in the aquifer were calculated from the simu-
lation results (see Figure 5.8). Because this was a two-dimensional simulation, these fluxes are
per l-m width of aquifer measured parallel to the river shoreline. Darcy fluxes can be derived by
dividing these fluxes by the aquifer thickness (4.6 m) and the l-m width. Groundwater velocities
are calculated by dividing the darcy flux by the porosity (O.14).

Figure 5.8 shows a very large range in groundwater fluxes between the river and distances
farther into the model. Negative fluxes in the figure are in the negative x-direction or toward the
left of the model domain (i.e., toward or into the river). Positive values represent water moving
into the aquifer from the river or away from the river toward the right boundary (ERM site).
The results for the simulated period show frequent reversals of groundwater flow direction for
distances within 50 m of the river boundary. During most daily high-river stages, river water
enters the aquifer (positive flux). At most daily low-river stages, groundwater discharges into
the river (negative flux). Near the river boundary, maximum fluxes ranged from *180 L/hr
(6.7 m or 22 IVday groundwater velocity) with one peak up to 320 L/hr into the aquifer during
the peak river stage of 119.25 m in the simulated period. Calculated fluxes (Figure 5.8a) at the
river were up to five times greater than at 25 m from the river (Figure 5.8b) for the time period
simulated. Thus, large quantities of river water are entering and leaving the aquifer daily.
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With greater distance from the river (e.g., 100, 160 m), groundwater flow directions are
mostly toward the river with a few periods of reversal (Figure 5.8b). Flux ranges from O to
-10 IAN (groundwater velocities from Oto 0.37 m or 1.2 ftiday). Groundwater flow was slower
and even reversed direction at these distances during periods when the maximum daily river
stage was greater than 118.5 m for a few days. Groundwater flow direction reversals have been
measured at the ISRM site, as shown in Figure 2.5. These results should be expected because a
dirichlet condition is used for the hydraulic heads on the right boundary at elevation 118.4 m.

The cumulative aquifer water flux per l-m width for a 90-day portion of the simulation is
shown in Figure 5.9. This shows a running total of the net water flux (as mentioned previously,
negative numbers are fluxes toward the river) from the beginning of the selected period at
selected distances from the river boundary. Although there is a large variation in the total flux
near the river due to daily variations, the long-term rate tracks the total flux from the greater
distances. This simply shows that the net flux to the river over a long period of time is supplied
by the groundwater flow from the regional aquifer, with daily fluctuations superimposed.

5.3.3 Predicted Tracer Migration

Tracer plumes at the end of each year for the first three years of simulation time are shown in
Figure 5.10. Tracer breakthrough curves at selected distances are shown in Figure 5.11; ground-
water velocities estimated from the 50 percent arrival times of the tracer at distances greater than
50 m from the river are 0.18 to 0.19 m/day (0.61 Wday). Based on these results, a 50 percent
arrival time of 2.3 years was predicted at the river. Although there is a large variability in the
tracer breakthrough curves at distances near the river (i.e., 5, 15, and 25 m), increases in the peak
concentrations for each 90-day cycle have leveled off by the end of the three-year simulation
period.

Animation sequences of the tracer plume (color-shaded contour plots from Figure 5.10) over
a period of days toward the end of the simulation period shows the entire front of the plume
shifting back and forth toward the river. Concentrations as high as 50 percent were observed
adjacent to the river, as shown in Figure 5.11.

The plateaus during tracer increase in the breakthrough curves shown in Figure 5.11 for
distances 50 m or greater occur during relatively high river stage when groundwater flow toward
the river is stalled or reversed. These occur mostly in the middle of the 90-day river stage cycle
and correspond to the zero of positive fluxes calculated for 100 m distance in Figure 5.8b at
periods when the high river stage was greater than 118.5 for a few consecutive days.

Based on these results, concentrations at a 25-m distance during the last 90-day cycle show a
range between 85 and 90 percent of the maximum tracer concentration due to dilution and
mixing with river water entering the aquifer (10 to 15 percent dilution). At a 15-m distance from
the river, concentration ranges between 50 and 70 percent of the maximum tracer concentration
(30 to 50 percent dilution). At a 5-m distance, concentrations ranged from 5 to 60 percent (40 to
95 percent dilution). The maximum concentrations corresponded to the low river stage around
day 20 in the cycle. These data show that, although the average concentrations are lower toward
the river, the range in variability is also greater.
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The hydrodynamic dispersivities selected for these simulations were relatively low (see Table
5.2). Larger values would lower predicted concentrations in the mixing zone and at the river. Some
numerical dispersion is also expected in the results due to the large variation in courant numbers
resulting from a wide range in spatial and temporal velocities with a fixed horizontal grid spacing.
Overall, the fronts of the plumes (shown in Figure 5.10) are relatively sharp and uniform, indicating
that numerical dispersion was minimal.

The tracer concentration results are similar to the hydraulic head and water flux results in that the
impact of the river stage fluctuations is most pronounced within 50 m from the river. Although the
mixing zone does substantially reduce the average tracer concentrations within 25 m of the river,
high-percentage concentration peaks do occur. This corresponds to the wide range in electrical
conductivity and chromate concentrations measured from the river substrate sampling tubes at the
site, as discussed in Section 2 (Figure 2.9). Some measurements showed as high as 90 percent of
aquifer concentrations in the samples collected from the Columbia River substrate sampling tubes.

The dependence of the aquifer discharge concentrations on the river stage, which cannot be
adequately predicted (e.g., future hydroelectric dam operations), means that a certain percentage of
dilution from the mixing cannot always be depended on. The mixinghiilution effect within the
aquifer may be reliable to maintain some average aquifer discharge concentration that would be
significantly lower than the aquifer concentrations measured at distances greater than 50 m inland.
This could be accomplished by conducting simulations similar to this tracer simulation using longer-
term river stage conditions (e.g., years instead of 90 days) and knowing that this mean concentration
will occasionally be violated. Additional data and effort would also be required to adequately
validate or calibrate a numerical model for this purpose.

5.4 Reoxygenation in a Fluctuating Water Table

The differences between the reoxygenation in a fluctuating water table simulation and the tracer
simulation discussed in the previous section is that oxygen is simulated as a species that partitions in
both the gas and aqueous phases. This problem used the STOMP2 code, which simulates gas,, water,
and solute transport, as discussed in Section 3. Oxygen was treated as a solute that partitions into the
air and water based on the Henry’s Law coefficient in Table 5.2. Water pressure boundaries were the
same as the tracer simulation discussed in the previous section. Air pressures were also specified on
the left and right boundaries to establish a static pressure profile for water-saturated air (p= 1.195
kg/m3). Atmospheric air pressure and oxygen composition were specified at the top of the system.

Hydraulic heads and water fluxes were the same for this simulation as for the tracer simulation
discussed in the previous section. The discussion here will focus on the dissolved oxygen
concentration results. The tracer simulation is also helpful in determining the relative importance of
the effects of mixing river water in the aquifer and the reoxygenation in the fluctuating water table on
the predicted dissolved oxygen concentrations. Diffusion from the vadose zone is also incorporated
in this simulation. Because the water table is dynamic, enhancing gas exchange in the vadose zone
and replenishing oxygen, the diffusive flux into the aquifer would be greater than shown in the static
water table diffision simulation discussed in Section 5.2.
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5.4.1 Simulated Dissolved Oxygen Concentrations

Figure 5.12 shows the dissolved oxygen plumes at the end of each of the three years of simulation
time. Thelwgest differences between these results mdthetracer simulation results (Figure 5.10) for
the same time periods are the large vertical concentration gradients for dissolved oxygen in the
aquifer and the much lower relative dissolved oxygen concentration within 50 m of the river. The
vertical gradients in dissolved oxygen concentration are from reoxygenation at the water table from
air entrapment and diffusion. Figure 5.13 shows the movement of the plume toward the end of the
simulation on three different days during a high-low-high river stage change period. The front of the
plume is displaced by about 5 m of river water during the high river stage. Slightly anoxic water
(>80 percent oxygen saturation) is shown discharging into the river during low river stage.

Arrival curves of anoxic water (Figures 5.14 to 5.16) are inverted from the arrival curves shown
in the tracer simulation because these are expressed as percent oxygen saturation (e.g., a negative
tracer). The arrival times for the 50 percent oxygen-depleted water at the bottom of the aquifer for
distances of 50 m and greater in Figure 5.14 are similar to the tracer arrival curves. Groundwater
flow rates based on these arrival times are 0.18 rdday. Dissolved oxygen arrival curves for distances
50 m and closer are shown in Figures 5.15 and 5.16 for the third year of simulation time. These
results are much different than the tracer arrival curves at these distances.

Dissolved oxygen concentrations at the 15 m distance at the aquifer bottom show a range of 40 to
70 percent oxygen saturation. Taking the inverse of this range, these values would correspond to 30
to 60 percent tracer, compared with the 50 to 80 percent seen in the tracer simulation results (a 20
percent reduction in the predicted concentration range at this distance). At a 5-m distance, dissolved
oxygen concentrations ranged from 70 to 95 percent oxygen saturation at the bottom of the aquifer.
This compares with 5 to 30 percent tracer with the tracer simulations showing a range of 5 to 55
percent.

Given the vertical concentration gradients shown in Figures 5.12 and 5.13, dissolved oxygen
concentrations in the middle of the aquifer are higher than at the bottom of the aquifer and the
variation in concentrations is much ”narrower. At a 15-m distance, dissolved oxygen concentrations
are from 65 to 85 percent saturation during the last 90-day cycle of the simulation. At a 5-m distance,
dissolved oxygen concentrations are from 85 to 95 percent saturation in the middle of the aquifer.
Dissolved oxygen concentrations at the top of the aquifer would be even greater.

Depth-averaged concentrations of dissolved oxygen discharging to the river was up to 95 percent
dissolved oxygen saturation and was always greater than 75 percent oxygen saturation during this 90-
day river stage period. The 75 percent minimum would be equivalent to values of 6.9 mg/L
dissolved oxygen at 20”C.
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5.4.2 Saturations, Pressures, and Hydraulic Heads

Figures 5.17 and5.18 show water saturations, aqueous pressures, and hydraulic heads for
two periods in the simulation at low andhigh river stage. The water saturations highlight the
area near the left boundary, where the river stage-induced water table fluctuations occur. This
zone extends up to 50 m inland and corresponds to previous discussions on the extent of aquifer
that is greatly impacted by river stage changes in the model. During the low river stage period
shown, the aquifer is mostly 100 percent water saturated below the water table (Figure 5.17).
During high river stage (Figure 5.18), a large area of 15 percent air entrapment (85 percent
saturation) occurs below the water table up to 50 m from the river boundary. The air entrapment
zone is 1.2 m tall near the river and tapers to approximately 0.2 m 50 m away. The air in this
zone contains oxygen at concentrations up to atmospheric composition. In addition to
reoxygenation with entrapped air below the water table, saturations increase in the vadose zone
above the water table, which is also in direct contact with air containing oxygen. This oxy-
genated water drains back toward the aquifer during subsequent periods of low river stage.

Pressures and hydraulic heads are also shown in Figures 5.17 and 5.18. During low river
stage, the hydraulic gradient steepens toward the river, as shown by the decreasing distances
between contour lines in Figure 5. 17c. During a period of high river stage (Figure 5. 18c),
groundwater is flowing toward the midpoint of the simulation domain from both the left (river)
and the right (ISR.M site) boundaries. This causes groundwater at around a 90 m distance to stop
flowing during this river stage period.

5.5 Modeling Discussion and Conclusions

Overall, the most important mechanism demonstrated for the attenuation of the anoxic plume
emanating from the ISRM site at 1OO-D Area is air entrapment and reoxygenation in a
fluctuating water table induced by changes in the stage of the Columbia River. Numerical
simulations that include these processes indicate a maximum aquifer discharge of 95 percent
oxygen saturated water (using atmospheric air composition) under favorable conditions. Even
under less favorable conditions, the minimum percentage of oxygen saturation discharged from
the aquifer in these simulations was 75 percent. Laboratory studies have also demonstrated that
this mechanism can significantly reoxygenate water in the zone of water table fluctuations within
a week (although these experiments did not investigate the vertical movement of water deeper
into the aquifer). The selection of river stage period for use in the simulation attempted to select
the most conservative period (winter 1998) without extreme events. Water table fluctuations in
other quarters of 1998 had much greater ranges of river stage fluctuation and much higher
average river levels (see Figure 2.12). These greater ranges would result in a greater amount of
reoxygenation by this process, and the higher river stages would also have resulted in smaller
aquifer discharge. It could be reasonably assumed that these types of river stage and water table
fluctuations selected for the simulation period (i.e., first quarter 1998) would occur as long as the
hydroelectric dams are operating on the Columbia River.
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6.0 Conclusions

Prior to the ISRM treatability test at the 1OO-DAre% dissolved oxygen concentration mea-
surements indicated that the groundwater was saturated with oxygen (7 to 9 mg/L). Following
the emplacement of the 56-m (150-ft)-long test section, dissolved oxygen concentrations
decreased to nearly Omg/L in wells within the treated area. Dissolved oxygen concentrations in
the downgradient wells have been decreasing since the test. Well D4-6, the farthest
downgradient well (27 m [90 ft] distance from the treatment zone) was at 20 percent oxygen
saturation during the latest sampling round (1.68 mg/L in April 1999).

While an anoxic plume forms downgradient from an ISRM zone, numerous processes (as
shown in Figure 1.3) exist in a normally oxidizing aquifer to attenuate the anoxic plume as it
migrates downgradient from the reduced zone to the Columbia River. Because adequate time
has not elapsed for sufilcient monitoring since the start of the ISRM treatability study at 1OO-D
Area, this study uses a combination of applied laboratory experiments and numerical modeling to
predict downgradient dissolved oxygen concentrations from the site. Modeling can also be used
to identify important processes and can guide future data collection. The numerical modeling
and predictions were based on processes within the aquifer and vadose zone only. Other effects,
such as mixing of river water with discharging groundwater within the upper 1 m of sediments in
the river bottom (hyporheic zone) were outside the scope of this study and thus were not
investigated.

The intermediate-scale laboratory experiments on reoxygenation in a fluctuating water table
showed that anoxic water can be rapidly reoxygenated from water table fluctuations due to the
entrapment of air bubbles containing atmospheric concentrations of oxygen. These rates were
much greater than oxygen diffusion alone. The water within the zone of fluctuation was signifi-
cantly reoxygenated within one week of daily water table raising and lowering. The results of
the dissolved gas tracer tests were not quantifiable and were not used in this analysis.

The numerical model incorporated a fluctuating water table induced by the Columbia River
along with air entrapment in the zone of fluctuation. The model also incorporated the effects of
the groundwater mixing with river water (bank storage) near the river’s edge. This model pre-
dicted dissolved oxygen concentrations of 75 to 95 percent oxygen saturation at the river. Air
entrapment caused by water table fluctuations had the greatest impact of those tested on the
attenuation of the dissolved oxygen concentrations discharging from the aquifer and should be
reliable over a wide range of river stage fluctuations. For comparison, a simpler model, which
incorporated only molecular diffusion of dissolved oxygen from above across a static water
table, predicted 20 percent dissolved oxygen saturation by the time the treated water from the
ISRM site reached the river, 160 m downgradient, after approximately two years of travel time.
However, this simpler model is not considered realistic. In either case, mixing processes in the
riverbed will further increase the oxygen saturation.

A newly installed well in the spring of 1999 will provide additional downgradient water
quality monitoring (including dissolved oxygen) and water table fluctuations between the ISRM
site and the Columbia River to test some of the predictions, parameters, and assumptions in these
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simulations. Columbia River substrate porewater sampling tubes installed along the river
shoreline downgradient of the site will provide additional monitoring data in the future with the
predicted arrival of groundwater from the ISRM site later in 1999 and 2000.
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